INTRODUCTION {#s1}
============

Epilepsies are one of the more common groups of neurological syndromes. These heterogeneous seizure disorders have diverse etiologies and a broad range of age of onset and severity, with the most severe forms beginning in infancy. Among children of \<2 yr of age, the incidence of epilepsies is estimated at 70 per 100,000 ([@MCS002360BODC5]). Many epilepsies have a genetic basis, and more than 500 genes have been associated with these disorders ([@MCS002360BODC32]).

Clinical gene panel sequencing with copy-number variant (CNV) analysis can reveal candidate disease-causing mutations for \<20% to \>50% of severe epilepsy patients, with the highest yields obtained for sporadic, early-onset cases ([@MCS002360BODC30]; [@MCS002360BODC28]). Negative results from gene panel testing have been attributed to nongenetic disease etiology, mutation of genes not included in the panels, technical limitations in detecting CNVs or somatic mutations, and difficulty in interpreting variant pathogenicity ([@MCS002360BODC28]). Genes such as the seizure-related gene *CDKL5* undergo alternative splicing, but not all exons are necessarily represented on the gene panels, providing another possible explanation for negative results. Authors of previous studies characterizing the alternative transcripts of *CDKL5* recommended screening patients for variants in these additional exons, but to date no patient with a mutation affecting an alternative isoform of CDKL5 has been reported ([@MCS002360BODC7]; [@MCS002360BODC26]; [@MCS002360BODC33]; [@MCS002360BODC11]); hence, the clinical relevancy of mutations in these exons has not yet been established.

We present the case of a severely affected boy with intractable early-onset seizures for whom clinical genetic testing was unrevealing. Whole-genome sequencing (WGS) of the family revealed a de novo mutation in *CDKL5* that is exonic in brain-expressed transcripts but not in the testis-expressed transcript typically chosen as the reference transcript for this gene in epilepsy gene panel tests and in clinical exome sequencing. This result supports the proposal that alternative exons, in *CDKL5* as well as other genes, should be screened in clinical sequencing and demonstrates that the choice of reference transcripts used in assay design and variant interpretation can lead to overlooked causative mutations even within genes represented in the test.

RESULTS {#s2}
=======

Clinical Presentation and Family History {#s2a}
----------------------------------------

The patient was born full term without complications. Tonic seizures began at 2 wk of life, characterized by symmetric tonic arm flexion or extension, lasting ∼30--60 sec, averaging 10 per day. At age 7 mo, he developed infantile spasms. Antiseizure therapies were initiated and trialed in this order: levetiracetam, topiramate, clonazepam, oxcarbazepine, high-dose prednisolone, the ketogenic diet, clobazam, cannabidiol, valproic acid, ACTH, and rufinamide. After starting oxcarbazepine at 7 mo, the electroencephalogram (EEG) background deteriorated significantly (see below), coincident with the onset of infantile spasms. He now receives levetiracetam, valproic acid, and clobazam and is restarting the ketogenic diet. All other antiseizure medications were discontinued because of lack of efficacy. Currently, seizures are generalized tonic and focal seizures with alteration in awareness. Development has never progressed beyond a 1-mo-old level; the patient occasionally smiles and regards and exhibits profound hypotonia, intellectual disability, and cortical vision impairment. Head circumference, length, and weight have remained normal. His medical and surgical history is also notable for G-tube dependence, chronic lung disease, and Nissen fundoplication.

His EEGs ([Supplemental Fig. S1a--c](http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a002360/-/DC1)) typically revealed multifocal epileptiform activity, at first predominantly in the posterior head regions. Background activity was initially reported to be within the broad range of normal limits for his age, but became disorganized, with high-amplitude delta activity, and multifocal epileptiform discharges, consistent with hypsarrhythmia at 7 mo old. Magnetic resonance imaging (MRI) brain at 2 mo old was normal for his age. Repeat MRI brain at 25 mo demonstrated mild diffuse volume loss. Testing for inborn errors of metabolism including lactic acid, pyruvic acid, ammonia, plasma amino acids, urine organic acids, serum acylcarnitine profile, free and total carnitine, uric acid, biotinidase, urine *S*-sulfocysteine, cerebrospinal fluid routine studies, and neurochemistry were all normal. A muscle biopsy showed normal electron microscopy with no abnormalities. Screenings for congenital disorders of glycosylation, neuronal ceroid lipofuscinosis, and peroxisomal disorders were normal. A whole-genome CGH (GenomeDx v5, GeneDx) and the GeneDx Infantile Epilepsy Panel (sequencing and deletion/duplication analysis of 38 genes) were reported as normal.

The family history is fairly remarkable. The older sister, now neurotypical, had a history of hypotonia, motor delay, and one febrile seizure. An older brother is neurotypical. His mother has a history of fibromyalgia, anxiety, and atherosclerosis. His father had febrile seizures that did not persist after childhood. The paternal grandfather also had a history of seizures associated with an episode of a high fever. One maternal aunt had multiple miscarriages, two associated with brain anomalies. There is no known consanguinity. Although the family history includes three members with histories of febrile seizures, none of the seizure episodes lasted past young childhood, and all are healthy.

Genomic Analyses {#s2b}
----------------

To identify candidate explanatory variants in a wider range of genomic regions than were assessed by the clinical epilepsy panel, the proband and his family were enrolled in Inova Translational Medicine Institute\'s (ITMI\'s) IRB-approved research study entitled "The Incidence and Burden of Congenital Anomalies, Genetic Disorders and Genetic Suspicion in Neonatal and Pediatric Patients." WGS was performed at 40× coverage ([Supplemental Table S1](http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a002360/-/DC1)) on peripheral blood samples from the proband, both parents, an unaffected brother, and an unaffected sister ([Fig. 1](#MCS002360BODF1){ref-type="fig"}). The 6,775,467 small variants and 3844 CNV in the family were computationally prioritized by predicted effect on the encoded protein, inheritance pattern, allele frequency, call quality, and reliability of the genomic region for sequencing. Variants within or overlapping genes previously associated with seizure disorders were flagged but the results were not limited to known epilepsy genes.

![Family pedigree and Sanger sequencing of the region of the *CDKL5* variant. The 2-bp deletion NM_001323289.1:c.2828_2829delGA on Chromosome X was detected in the proband (black square) in the haploid state but not in the four unaffected family members.](MCS002360Bod_F1){#MCS002360BODF1}

The automated filtering yielded two candidate variants, a de novo mutation NM_001323289.1:c.2828_2829delGA in the gene *CDKL5* and a maternally inherited variant NM_024490.3:c.509G\>A in the gene *ATP10A* ([Table 1](#MCS002360BODTB1){ref-type="table"}). *ATP10A*, also known as *ATP10C,* is a maternally expressed gene located within the most common deletion associated with Angelman syndrome, 15q11-q13 ([@MCS002360BODC22]). However, the role of *ATP10A* in Angelman syndrome is not yet clear and no missense mutations in this gene have been reported in patients with seizures. The *ATP10A* variant in this family has been observed in reportedly healthy individuals with a maximum allele frequency of 0.0029, in the 1000 Genomes Project\'s Hispanic superpopulation ([@MCS002360BODC1]). In Angelman syndrome, it is unusual for seizures to start in the neonatal period; median seizure onset is 2 yr of age, and the EEG often shows high-voltage slow waves or persistent rhythmic theta initially which evolves to triphasic or "notched" delta. Patients usually ambulate, walking with an ataxic gait, and do not typically have cortical visual impairment. They have a distinct facial appearance including a wide mouth, prognathism, and widely spaced teeth. Their behavior includes spontaneous laughter and frequent smiling ([@MCS002360BODC8]). Our patient\'s presentation at such a young age of 2 wk of life, his EEG pattern, and the lack of the typical dysmorphic features and behavior seen in Angelman syndrome suggest that this variant is unlikely to be the primary cause of his condition, although we cannot rule it out as a contributing factor.

###### 

Candidate variants

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Genomic (hg19)          cDNA                               Protein    Gene       Maximum allele frequency^a^   ClinVar        rsid          Proband genotype   \# Reads ref, alt^b^: proband\   Parent of origin
                                                                                                                                                                 mother\                          
                                                                                                                                                                 father\                          
                                                                                                                                                                 sister\                          
                                                                                                                                                                 brother                          
  ----------------------- ---------------------------------- ---------- ---------- ----------------------------- -------------- ------------- ------------------ -------------------------------- ------------------
  Chr X:18646820 CAG\>C   NM_001323289.1: c.2828_2829delGA   p.R943fs   *CDKL5*    0                             SCV000599451   --            Haploid            0,6\                             De novo
                                                                                                                                                                 29,0\                            
                                                                                                                                                                 15,0\                            
                                                                                                                                                                 16,0\                            
                                                                                                                                                                 14,0                             

  Chr 15:26026311 C\>T    NM_024490.3: c.509G\>A             p.R170H    *ATP10A*   0.0029                        --             rs146522541   Heterozygous       11,18\                           Maternal
                                                                                                                                                                 17,13\                           
                                                                                                                                                                 26,0\                            
                                                                                                                                                                 31,0\                            
                                                                                                                                                                 43,0                             
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ref, reference allele; alt, alternate allele.

^a^Maximum allele frequency was computed from the gnomAD ([@MCS002360BODC18]) and 1000 Genomes Project ([@MCS002360BODC1]) subpopulation whole-genome data sets.

^b^Number of mapped reads in the WGS data supporting each allele for each individual.

The second candidate variant lies in *CDKL5*, a gene associated with infantile epileptic encephalopathy 2 (EIEE2; OMIM:300672). This de novo 2-bp deletion lies in exon 17 of a transcript (NM_001323289) encoding the predominant isoform of CDKL5 expressed in human brain ([@MCS002360BODC33]; [@MCS002360BODC11]). (In the nomenclature proposed by [@MCS002360BODC11], this mutation is located in the versions of exon 19 that contribute to isoforms hCDKL5_1-4.) Features associated with EIEE2, namely seizure onset in the first 3 mo of life, with severe developmental delay from birth and no overt dysmorphisms ([@MCS002360BODC6]), are observed in the proband. There may also be, as seen in our proband, associated gastrointestinal and respiratory problems, in addition to scoliosis that develops later ([@MCS002360BODC19]). Because of the congruence of the patient\'s symptoms to those of previously reported *CDKL5*-associated EIEE2 patients, the de novo occurrence of the mutation, its absence from databases of whole-genome sequences, and its likely detrimental impact on the encoded protein, we consider this variant to be causative for the proband\'s condition. The presence of the mutation in the proband and its absence in the four unaffected family members was confirmed by research-based Sanger sequencing ([Fig. 1](#MCS002360BODF1){ref-type="fig"}). The mutation in the proband was further confirmed by clinical-grade targeted genetic testing via Sanger sequencing of the mutation of interest (GeneDx) from a newly collected buccal sample.

This *CDKL5* mutation identified by WGS was not found by the clinical epilepsy panel, even though the gene is screened in this test. To reconcile this difference, we compared the reference transcript(s) used to define the *CDKL5* exons for each analysis. According to the clinical report, and confirmed by the company, the panel screens the exons of the NM_003159 transcript, in which the patient\'s variant is intronic (NM_003159.2:c.2713+ 115delGA) ([Fig. 2](#MCS002360BODF2){ref-type="fig"}). WGS identified the mutation as exonic by examining alternative transcripts including NM_001323289. Interestingly, we contacted the six companies from which our hospital most often orders genetic tests (Ambry Genetics, Baylor, Fulgent, GeneDx, Invitae, and PreventionGenetics), and all use NM_003159 as the only reference transcript for *CDKL5* in both their gene panel and exome tests.

![Genomic region of the *CDKL5* variant. Predicted coding sequence in this region from transcripts NM_003159 and NM_00132389 are represented by thick black bars, UTRs by thin bars, and intronic sequence by lines with arrowheads indicating the direction of transcription ([@MCS002360BODC13]). The patient\'s mutation, labeled delAG, is indicated in red. ClinVar ([@MCS002360BODC17]) variants annotated as pathogenic or likely pathogenic are displayed. "gnomAD lof" tracks show variants from gnomAD ([@MCS002360BODC18]) predicted to be stop-gain, frameshift, or splicing variants for NM_003159 or NM_00132389.](MCS002360Bod_F2){#MCS002360BODF2}

The patient\'s mutation lies in the 3′ region of NM_001323289 exon 17, whereas the gene panel transcript NM_003159 shares the 5′ region of this exon, but lacks the 3′ region ([Fig. 2](#MCS002360BODF2){ref-type="fig"}; [@MCS002360BODC33]; [@MCS002360BODC11]). Pathogenic and likely pathogenic mutations in the shared 5′ region of this exon have been reported ([Fig. 2](#MCS002360BODF2){ref-type="fig"}). No pathogenic or benign mutations in the 3′ region beyond the flanking sequence of the NM_003159 exon are reported in ClinVar, consistent with the use of NM_003159 as the reference transcript for clinical sequencing. No predicted loss-of-function variants (stop-gain, frameshift, or splicing) in the NM_00132389 exon were found in the gnomAD database of genome sequences from healthy individuals ([@MCS002360BODC18]), whereas one predicted loss of function variant, c.2713+1G\>A, was found in one individual for NM_003159 ([Fig. 2](#MCS002360BODF2){ref-type="fig"}). This is consistent with NM_001323289 rather than NM_003159 being the disease-relevant transcript.

DISCUSSION {#s3}
==========

Gene panel sequencing has proved useful in aiding the diagnosis of patients with epilepsy of genetic etiology. However, even among the most likely molecularly diagnosed group of sporadic, early-onset cases, these tests are unrevealing for a subset of patients. As described previously, there are multiple reasons for negative results, ranging from nongenetic etiology to technical issues ([@MCS002360BODC28]). The mutation in the proband presented here is, to our knowledge, the first reported mutation in an exon of *CDKL5* that is not typically represented on clinical gene panels or exome tests, and it demonstrates that the choice of reference transcripts can also impact the diagnostic yield.

Although there are no functional data available confirming the pathogenicity of this mutation in the proband, the diagnosis of *CDKL5*-associated EIEE2 is strongly supported by the patient\'s clinical features, as well as the apparently de novo origin. The family history includes three relatives with febrile seizures; however, the proband\'s condition is not likely to result from a shared inherited variant that also causes febrile seizures in the relatives, as there generally is not overlap between the specific mutations that cause febrile seizures (in *SCN1A*, *SCN2A*, *SCN1B*, *GABRA1*, etc.) and those causing more severe epileptic encephalopathies. The clinical presentation and timing of resolution of the family members' symptoms strongly favors benign febrile seizures of childhood.

*CDKL5-*associated EIEE2 is an X-linked disorder for which boys are usually more severely affected than girls, and comprise \<10% of reported cases ([@MCS002360BODC2]). The reasons for the skewed gender ratio are unknown. Reports of affected cases include boys with somatic mutations ([@MCS002360BODC20]; [@MCS002360BODC23]) or with a 47,XXY karyotype ([@MCS002360BODC29]), raising the possibility that most haploid mutations in males are lethal. However, as with our patient, other affected boys have a normal male karyotype and no evidence of mosaicism, with the reported mutations occurring in multiple exons of the brain-expressed transcripts (RettBASE: RettSyndrome.org Variation Database mecp2.chw.edu.au/). This report contributes a novel mutation and clinical data that can be used in the analysis of genotype--phenotype relationships of *CDKL5*-associated disorders.

*CDKL5* has multiple transcripts, but the clinical significance of mutations in the alternative exons is unknown. Mutations in exons 19--21 of the commonly used reference transcript NM_003159, which encode the carboxy-terminal region of the CDKL5 isoform expressed predominantly in testis ([@MCS002360BODC33]; [@MCS002360BODC11]), are unlikely to be pathogenic for EIEE2 ([@MCS002360BODC4]). In contrast, the mutation in the proband lies in an exon encoding the alternate carboxy-terminal region of the predominant brain isoforms, which have an expression pattern consistent with the disorder ([@MCS002360BODC11]). The identification of this mutation supports the hypothesis that mutations in alternative exons of this gene can be clinically relevant. The lack of previously observed mutations in the 3′ region of this exon is likely due in part to the limited number of patients screened in this region, because it is not represented in commonly used gene panel and exome-sequencing tests.

The implication that mutations in an alternative exon of *CDKL5* can be clinically important should be considered when selecting appropriate genetic tests for patients suspected of having a *CDKL5*-related disorder. Patients who receive negative results from tests limited to the *CDKL5* NM_003159 transcript can consider a test that assays alternative exons in this gene. Our results suggest that inclusion of alternate reference transcripts in the design and analysis of exon-based assays aimed at identifying coding variants in *CDKL5*, including gene panel, exome, and genome sequencing, could lead to molecular diagnoses for more patients.

METHODS {#s4}
=======

Samples and WGS {#s4a}
---------------

DNA was extracted from peripheral blood and sent to Macrogen Clinical Laboratory for library preparation and WGS. Libraries were prepared using the Illumina TruSeq DNA PCR-free kit following the manufacturer\'s guidelines then sequenced on the Illumina HiSeq X. Reads were aligned to the hg19 reference sequence ([@MCS002360BODC16]) with the Isaac aligner version 01.15.02.08 ([@MCS002360BODC25]). Variants were jointly called across the family with GATK HaplotypeCaller v3.5 ([@MCS002360BODC21]). CNVs were called for each genome by the Reference Coverage Profiles method ([@MCS002360BODC9]) and merged across the family with SURVIVOR ([@MCS002360BODC12]), with maximum allowed distance of 4 kb.

Variant Annotation and Filtering {#s4b}
--------------------------------

Variants were annotated using ANNOVAR version 2016-02-04 ([@MCS002360BODC31]) as previously described ([@MCS002360BODC3]), with the following updates. Transcript models were obtained from the ANNOVAR-provided RefSeq gene ([@MCS002360BODC24]) and Ensembl ([@MCS002360BODC34]) databases, version 2017-06-01, and GenCode ([@MCS002360BODC10]) wgEncodeGencodeCompV24lift37, downloaded from the UCSC genome browser ([@MCS002360BODC13]). Small variants and CNVs predicted to impact the protein sequence of any transcript or that are reported as pathogenic or likely pathogenic in the ClinVar 201705 xml file ([@MCS002360BODC17]) were identified using SAVANNA as described ([@MCS002360BODC3]). Briefly, variants were required to have minimum read depth of ≥6, allele balance of ≥0.225, a maximum allele frequency of 0.02 in the gnomAD genomic dataset ([@MCS002360BODC18]), and the data sets provided in the ANNOVAR file popfreq_all_2015_0413, including the 1000 Genomes Project genomes ([@MCS002360BODC1]) and in internal WGS databases. Segregation with phenotype was tested for de novo, autosomal dominant, homozygous recessive, compound heterozygous, X-linked, and imprinted inheritance patterns. Genes linked to the most salient phenotype of the proband, seizures (HP:0001250), as assigned by a clinical geneticist using Phenomizer ([@MCS002360BODC14]), were retrieved from the HPO database version 01 2016 ([@MCS002360BODC15]), and variants in those genes were flagged. Sequencing reads supporting the candidate variants were examined visually with IGV ([@MCS002360BODC27]). Variants resulting from the bioinformatics filtering were then evaluated by clinical genomics experts. Variant cDNA coordinates are reported in the right-shifted HGVS convention (<http://varnomen.hgvs.org/>).

Sanger Sequencing {#s4c}
-----------------

Primers were designed, using Primer3 (<http://bioinfo.ut.ee/primer3-0.4.0/>), to cover the *CDKL5* variant identified by WGS (primer sequences available on request). PCR was performed using the AmpliTaq Gold 360 master mix (ThermoFisher Scientific). After Exo/SAP purification (ThermoFisher Scientific), the amplicons were sequenced using BigDye V.3.1 Terminator chemistry (ThermoFisher Scientific). The sequencing products were cleaned up with Optima DTR columns (Edge BioSytems) and separated on an ABI 3730xl genetic analyzer (ThermoFisher Scientific). Data were evaluated using Sequencher V.5.0 software (Gene Codes).

ADDITIONAL INFORMATION {#s5}
======================

Data Deposition and Access {#s5a}
--------------------------

The confirmed genetic variant was submitted to ClinVar (<https://www.ncbi.nlm.nih.gov/clinvar/>) under accession number SCV000599451. Raw data were not deposited because of lack of patient consent but may be available by contacting the authors.
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